The applicability of liquid chromatography time-of-flight mass spectrometry (LC-TOF-MS) for determining pesticide residues in agricultural products was investigated. TOF-MS conditions for monitoring target ions, together with their fragment ions, were carefully optimized. The developed LC-TOF-MS method was evaluated for 154 pesticides in soybean and spinach by using matrixmatched standards. No significant matrix effect was observed for most of the tested pesticides at a concentration level of 0.01 mg/kg, where the limits of quantification were less than 0.01 mg/kg for 145 of the 154 pesticides (S/N 10). In addition, no significant interference was observed in the chromatograms of the blank extracts. These results indicate that LC-TOF-MS determination may become a powerful tool for multi-residue analysis of pesticides in agricultural products.
Introduction
In 2006, Japan introduced a positive list system for the regulation of residual agricultural chemicals (i.e., pesticides, feed additives, and veterinary drugs) in foods. The system prohibits the distribution of foods containing agricultural chemicals above their maximum residue limits (MRLs) or, if the MRL has not been established, a uniform limit of 0.01 mg/kg. So far, the Ministry of Health, Labour and Welfare of Japan has set MRLs for approximately 820 agricultural chemicals. Therefore, there is an urgent need for a rapid and reliable multi-residue method for the determination of hundreds of agricultural chemicals in complex food matrices.
The use of liquid or gas chromatography coupled with quadrupole mass spectrometry (LC-MS/MS or GC-MS/ MS) in the selective reaction monitoring (SRM) mode has become the dominant technique in pesticide residue analysis, achieving both high sensitivity and selectivity. The technique is, however, limited in the number of compounds that can be monitored in a single run, and it only provides information on the target compounds, and neglects non-target or unknown compounds.
Recently, time-of-flight mass spectrometry (TOF-MS)
techniques such as LC-TOF-MS 1)-6) and GC-TOF-MS 7), 8) , have been applied to pesticide residue analysis in foods. The main advantage of the TOF-MS method is that there is theoretically no limitation in the number of compounds that can be analyzed simultaneously 1), 9) . Moreover, there is no need to optimize monitor ions, cone voltages, or collision energies for each target compound separately, as is necessary for quadrupole tandem mass spectrometry in the SRM mode. Further, since full scan spectra are recorded, non-target or unknown compounds can be monitored simultaneously with the target compounds. On the other hand, in TOF-MS measurement, MS parameters do need to be optimized to cover a wide range of target compounds.
In this study, an LC-TOF-MS method for multi-residue analysis of pesticides in agricultural products was carefully optimized and evaluated for 154 pesticides in soybean and spinach by using matrix-matched standards. The results show the potential of LC-TOF-MS for determining pesticide residues in agricultural products.
Materials and Methods

Chemicals and reagents
Pesticide residue analysis grade acetonitrile and toluene, and LC-MS grade methanol and water were purchased from Kanto Chemical Co. (Japan). Pesticide residue analysis grade anhydrous sodium sulfate and sodium chloride, and JIS special grade ammonium acetate, dipotassium hydrogenphosphate and potassium dihydrogenphosphate were from Wako Pure Chemical Industries, Ltd. (Japan). Water used for preparing the test solutions was purified with a distillation apparatus NZJ-2DSYW (Fujiwara Scientific Co., Japan). Leucine-enkephalin for the lock-mass internal calibration was purchased from Sigma-Aldrich (Germany).
Phosphate buffer (0.5 mol/L, pH 7.0) was prepared as follows: dipotassium hydrogen phosphate (52.7 g) and potassium dihydrogen phosphate (30.2 g) were dissolved in 500 mL of water, and adjusted to pH 7.0 by adding either 1 mol/L sodium hydroxide or 1 mol/L hydrochloric acid, and the final volume of the solution was made up to 1 L with water.
A total of 10 pesticide standards were used for optimization of the TOF-MS parameters. Azoxystrobin, MCPA propoxycarbazone sodium, and iodosulfuron methyl sodium were purchased from Dr. Ehrenstorfer GmbH (Germany); methomyl and acifluorfen, from Riedel-de Haën (Germany); hexythiazox, from Kanto Chemical Co.; simeconazole and 2,4-D, from Wako Pure Chemical Industries, Ltd.; and abamectin (avermectin B1a/avermectin B1b (92.3 : 6.9)), from Hayashi Pure Chemical Industries (Japan). Individual stock solutions (1 mg/mL) of the analytical standards were prepared in either acetonitrile or methanol, depending on their solubility. Working solutions were prepared by dilution of the stock solutions with methanol.
The pesticide standard mixtures (PL2005 pesticide LC/MS Mix4-10, Table 1 ) were purchased from Hayashi Pure Chemical Industries, and were used for optimizing the LC-TOF-MS method.
Samples
Food samples were purchased from a market in Tokyo (Japan). Spinach was chopped using a food processor (Grindomix GM200, Retsch GmbH, Germany), and soybean was ground into small particles and passed through a 425 μm pore-size standard sieve using a centrifugal mill (Ultra Centrifugal Mill ZM 200, Retsch GmbH).
Sample preparation
Test solutions of spinach and soybean were prepared via Japanese official method Multiresidue Method I for Agricultural Chemicals by LC-MS (Agricultural Products) (Shoku-An No. 1129002, November 29, 2005), except for a change in final volume, as follows: For spinach, a 20.0 g sample was weighed in a 250-mL glass tube. For soybean, a 10.0 g sample was weighed, and allowed to swell in 20 mL of water for 30 min. Both samples were then extracted with 50 mL of acetonitrile by using a homogenizer (PT 10-35 GT, Kinematica, Switzerland). The homogenate was filtered under vacuum through a pad of Celite (Celite 545, Wako Pure Chemical Industries, Ltd.), and the residue was re-homogenized with 20 mL of acetonitrile and filtered. The volume of the combined extract was made up to 100 mL with acetonitrile. A 20-mL aliquot of the extract was added to a 100-mL separating funnel containing 10 g of sodium chloride and 20 mL of phosphate buffer (0.5 mol/L, pH 7.0), and the funnel was shaken vigorously for 10 min. The acetonitrile layer was loaded on an ODS column (Mega Bond Elut C18, 1,000 mg, Agilent Technologies, USA) preconditioned with 10 mL acetonitrile, and eluted with an additional 2 mL of acetonitrile. The combined eluate was concentrated to approximately 2 mL with a rotary evaporator below 40 , and evaporated to dryness under a stream of nitrogen.
The residue was subsequently re-dissolved in 2 mL of acetonitrile-toluene (3 : 1), loaded on a tandem graphite carbon/aminopropylsilanized silica gel column (InertSep GC/NH 2 , 500 mg/500 mg, GL Sciences, Japan) preconditioned with 10 mL of acetonitrile-toluene (3 : 1), and eluted with an additional 20 mL of acetonitrile-toluene (3 : 1). The combined eluate was concentrated to approximately 2 mL with a rotary evaporator below 40 , then evaporated to dryness under a stream of nitrogen, and the residue was redissolved in methanol (4 mL for spinach, and 2 mL for soybean).
LC-TOF-MS determination 4.1 LC conditions
LC-TOF-MS determinations were carried out using an Ultra-Performance LC system ACQUITY UPLC and time-of-flight mass spectrometer LCT Premier (Waters, 
MS conditions for optimization of TOF-MS parameters
The following MS conditions were used for optimization of the TOF-MS parameters: ionization mode: electrospray ionization positive mode (ESI( )) or negative mode (ESI( )); source temperature: 120 ; desolvation temperature: 350 ; desolvation gas: 600 L/hr (N 2 ); cone gas: 50 L/hr (N 2 ); scan range: m/z 50-1,000; W mode ( 10,000 full width at half maximum (FWHM) ESI( ) m/z 556.2771, ESI( ) m/z 554.2615); lock mass: leucineenkephalin (0.2 μg/mL, methanol-water (1 : 1)).
MS conditions for optimization of LC-TOF-MS method
Optimization of the LC-TOF-MS method was performed using capillary and cone voltages of 3,000 V and 25 V, respectively. The aperture 1 voltage was set at 5, 20, and 40 V. Monitor ions for quantification are shown in Table 1 .
Evaluation of matrix effects
Matrix-matched standards were prepared as follows: blank extract solutions of 100 μL were evaporated to dryness under a stream of nitrogen, and the residue was re-dissolved in 100 μL of standard mixture (0.01 or 0.1 μg/mL) in methanol. The matrix effect was evaluated by comparing the peak areas of matrix-matched standards to those of standards in methanol. Dimethomorph, ferimzone, tralkoxydim, and tridemorph were quantified by summation of the peak areas of the isomers. Multi-Residue Analysis of Pesticides by LC-TOF-MS 
Results and Discussions
Optimization of TOF-MS parameters for quantifications
Since pesticides display a wide variety of structures and molecular weights, it can be speculated that the optimum TOF-MS parameters such as cone voltage and capillary voltage, differ for each pesticide. Because the full spectrum is recorded at all times, however, it is difficult to set these parameters for each pesticide separately, and that is why it is necessary to determine the optimum MS parameters covering a broad range of pesticides. Therefore, in this study, the three MS param- e) Limits of quantification (LOQs) were calculated as the analyte concentration that gave S/N=10 in a matrix-matched standard. Table 1 Continued of capillary voltage on peak areas was examined by varying the capillary voltage from 1,000 to 3,500 V The cone voltages were set at 25 and 50 V, while aperture 1 voltages were 5 and 15 V. The results showed that an increase in capillary voltage from 1,000 to 3,000 V led to an increase in the relative peak areas of the tested pesticides, with a maximum at 3,000-3,500 V in both ESI( ) and ESI( ) modes (Fig. 1) . Therefore, a capillary voltage of 3,000 V was applied in further experiments. Subsequently, the effect of cone voltage on the peak areas was investigated in the range of 12.5 to 125 V, while the aperture 1 voltage was set at 5 and 15 V. The maximum peak area of the tested pesticides was obtained at a cone voltage between 12.5-25 V in ESI( ) mode (Fig. 2) , and between 12.5-50 V in ESI( ) mode.
A cone voltage of 25 V was therefore considered to be optimal.
Finally, the effect of aperture 1 voltage on the peak areas was investigated by varying the aperture 1 voltage from 5 to 60 V (the capillary and cone voltages were fixed at 3,000 and 25 V, respectively). In ESI( ) mode, the results showed that the peak areas of the tested pesticides were highest at an aperture 1 voltage of 5-15 V, and decreased at higher voltages (Fig. 3) . In the case of methomyl, the peak area significantly decreased above 10 V due to fragmentation. In ESI( ) mode, the peak areas were highest at an aperture 1 voltage of 5-10 V, and decreased above 30 V. Because a high aperture 1 voltage causes fragmentation leading to a decrease in peak areas, an aperture 1 voltage of 5 V was chosen for quantification for both ionization modes.
Optimization of TOF-MS parameters for monitoring fragment ions
LC-TOF-MS with high resolution can differentiate between co-eluting compounds based on the combination of accurate mass and retention time information. In complex food matrices, however, it is possible to find co-eluting compounds whose mass is similar to that of the target compounds for a given retention time. To establish a reliable LC-TOF-MS method, therefore, additional information is required to confirm the identity of the compound. Compounds containing chlorine, bromine, or sulfur can be differentiated by their isotopic profile, whereas for molecules that do not contain such isotopes, additional structural information can be obtained from in-source collision-induced dissociation (CID) fragmentation, which can be induced by setting a high aperture 1 voltage. The aperture 1 voltage was thus optimized for the monitoring of fragment ions using the same set of 10 pesticides as used for optimization of TOF-MS parameters for quantifications. In case of methomyl, the precursor ion [M H] was observed at an aperture 1 voltage of 5 V, whereas two fragment ions, [C 3 H 8 NOS] (calculated mass (calcd.) 106.0327) and [C 3 H 6 NS] (calcd. 88.0221), were observed at 15 V, along with [M H] (Fig. 4) . The peak areas of both fragment ions were highest at an aperture 1 voltage of 15-20 V (Fig. 5) . In the case of aciflu- (Fig. 7) . The maximum peak areas of the fragment ions of the other eight pesticides were also found at aperture 1 voltages from 20-50 V Based on these results, 5 V was considered to be the optimal aperture 1 voltage for quantification, while 20 and 40 V were chosen for confirmation via CID fragmentation.
Optimization of LC-TOF-MS method
The LC-TOF-MS method was optimized by analyzing a standard mixture of 154 pesticides (0.1 μg/mL) (for a list of pesticides, see Table 1 ) in both ESI( ) and ESI( ) modes, using an ODS column with 10 mmol/L ammonium formate and methanol as a mobile phase.
The peaks with highest signal-to-noise (S/N) ratios among the observed ions, (i.e., As a result, 128 pesticides out of 154 tested pesticides were quantified in ESI( ) mode, and 26 pesticides in ESI( ) mode. Mass accuracy was within 5 ppm for all the tested pesticides in both ESI( ) and ESI( ) modes Matrix effects, i.e., the ion suppression or enhancement caused by co-eluting matrices, frequently occur in LC-MS when using ESI mode. However, they can be reduced or eliminated by optimization of LC methods, sample cleanup, or by changing the type of ionization. Therefore, in this study, the LC conditions for chromatographic separation were optimized.
The maximum pressures at flow rates of 0.2, 0.3, and 0.4 mL/min were approximately 7,500, 10,700, and 13,600 psi, respectively (column temperature 40 ). Although the LC instrument used can be operated at a maximum of 15,000 psi, the flow rate in this study was set at 0.3 mL/min, since it is known that the pressure may increase in the presence of matrices.
The matrix effects with two gradient conditions, i.e., with the peak areas of the standards in pure solvent (0.1 μg/mL). Using gradient method (a), the peak area ratios of all of the tested pesticides were in the range of 0.82 to 1.15, and no significant matrix effect was observed. On the other hand, using the shorter gradient method (b), the peak area ratios of 3 pesticides (azamethiphos, pyrazolynate, and pyrazosulfuron ethyl) were lower than 0.80 while that for acibenzolar-S-methyl was above 1.20, suggesting that gradient method (b) was more likely to cause matrix effects than gradient method (a). Therefore, gradient method (a) was chosen for the separation.
To optimize LC-TOF-MS conditions, attention was also paid to the injection solvent and its volume. Taking into account the solubility of hydrophobic target pesticides or co-extracts, we chose methanol as the injection solvent. Since methanol is less polar solvent than the initial mobile phase, it may cause peak broadening of polar pesticides at high injection volumes. A comparison of the peak shapes of aldoxycarb at 3, 5, and 7 μL injection volumes showed that a good peak shape was observed only at 3 μL injection volume (Fig. 8) . Based on this result, 3 μL was used as the injection volume.
Setting mass windows
Although setting of a narrow mass window for extracting chromatograms leads to a reduction of the chemical noise, and thus increases selectivity, it may also remove target compounds from the chromatogram, and this is especially relevant for low intensity ions. To select the optimal mass window, the standard mixture of 154 pesticides (0.1 μg/mL) was analyzed 5 times and the relative standard deviations (RSD) of the peak areas were compared for mass windows of 5, 10, and 20 mDa. The use of mass windows of 10 or 20 mDa led to RSDs below 9 for the peak areas of all of the tested pesticides, whereas the peak area RSD of 6 pesticides was over 10 using a 5 mDa mass window. A mass window of 20 mDa was, therefore, used for quantification.
Matrix effects, LOQ, and selectivity
To evaluate the matrix effect in the optimized LC-TOF-MS method, matrix-matched standards were prepared from the soybean and spinach extracts, and the peak areas of the matrix-matched standards were compared with those of the standards in pure solvent. In addition, based on an S/N ratio of 10, the limits of quantification (LOQs) were estimated by LC-TOF-MS analysis of the matrix-matched standards. Since S/N ratios depend on the mass window used for extracting chromatograms, the LOQs were calculated by setting the mass window of 20 mDa, which was also used for quantification.
At a concentration level of 0.1 mg/kg, the ratios of the peak areas of matrix-matched standards to that of standards in pure solvent were within the range of 0.80 to 1.20 for spinach and soybean, except for triasulfuron and flufenoxuron in spinach. No significant matrix effect was thus observed for most of the tested pesticides (Table 1). In the case of triasulfuron in the spinach extract, the peak area ratio was 0.63, indicating ion suppression due to co-eluting matrices in the sample solution.
The chromatogram of the blank spinach extract showed a peak at the same retention time as flufenoxuron. At a concentration level of 0.01 mg/kg, out of the 154 pesticides analyzed, 145 showed peak areas of S/N 10 in either ESI( ) or ESI( ) mode ( Table 1 ). In addition, the ratios of the peak areas of matrix-matched standards to those of the standards in pure solvent were within the range of 0.80 to 1.20 for most of the tested pesticides (soybean extract: 142 pesticides, spinach extract: 130 pesticides). Furthermore, no significant interfering peak was observed in the chromatogram of the blank extracts, indicating high selectivity of the method. Together, the results indicate that, although further studies are warranted, the LC-TOF-MS multi-residue method can be successfully applied to the determination of pesticides in foods at concentration levels as low as 0.01 mg/kg, which is the uniform limit for agricultural chemicals in Japan.
Conclusion
In this study, LC-TOF-MS conditions were carefully optimized and applied to the LC-TOF-MS determination of pesticide residues in agricultural products. For most of the tested pesticides, no significant matrix effect was observed at a concentration level of 0.01 mg/kg, while LOQs were mostly less than 0.01 mg/kg. In contrast to LC-MS/MS, LC-TOF-MS enables monitoring a large number of compounds within one run, and can be used for identifying both non-target and unknown compounds based on accurate mass. Thus, the improved sensitivity and resolution of TOF-MS instruments make the LC-TOF-MS method a potentially efficient tool for multi-residue analysis of pesticides in foods.
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